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Foreword 
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ture for corrosion sensor for Printed Circuit Board (PCB) corrosion monitoring. This 
sensor could give better understanding about corrosion aging of PCB, which could 
make it easier to take corrosion environment better into account during designing stage   
in demanding use environments with high temperature, humidity and in presence of 
corrosive agents.  This Master’s Thesis shall also describe theoretical aspects of corro-
sion phenomena on PCB and how corrosion environments can be categorized and cor-
rosion rate inspected in laboratory tests.  
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Symbol unit definition 
 
A  [mm
2
] Area 
CD [m] Corrosion Depth 
f  [Hz] Frequency  
I [A]  Current 
L  [m] Distance 
m [kg] Mass 
N  Frequency Constant 
RC [Ω] Conductor Resistance 
∆RC [Ω] Conductor Resistance change during testing 
RH [%]  Relative humidity 
Rl [Ω] Insulation Resistance 
RP [Ω] Surface Insulation Resistance (SIR) 
s [m] Length 
t [µm] Thickness 
T [°C] Temperature in Celsius-degrees 
U [V] Voltage 
w [m] Width 
τ1–τ6 [h] Time of Wetness (TOW) 
ρPCB [Ω*m] PCB Resistivity 
ρ [Ω*m] Resistivity 
µ [H/m] Natural Permeability 
σ [1/ Ω*m] Conductivity 
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Abbreviations 
 
AC  Alternating Current 
ANSI/ISA-S.7104 Corrosion Standard published by ISA 
DC  Direct Current 
CFC  Chlorofluorocarbon 
C1–C5  Corrosion classes according to ISO 9223 
EDS  Energy Dispersive x-ray Microscopy 
EMC  Electromagnetic Compatibility 
ENIG  Electroless nickel immersion gold 
FR-4  Glass-reinforced epoxy laminate sheet 
GR-63-Core  Corrosion standard published by Telcordia 
G1–GX  Corrosion classes according to ANSI/ISA-S.7104 
HASL  Hot Air Solder Leveling 
IEC  International Electrotechnical Commission 
IEC 60721  Corrosion Standard published by IEC 
ISA  International Society of Automation 
ISO   International Organization for Standardization 
ISO 9923  Corrosion standard published by ISO 
ISO 10062  Corrosion Test published by ISO 
LCD  Liquid Crystal Display 
PCB  Printed Circuit Board 
PCBA  Printed Circuit Board Assembly 
ppb  Parts per billion  
ppm  Parts per million 
PTH  Plated Through Holes 
QFP    Quad Flat Package 
SEM  Scanning Electron Microscope 
SIR  Surface Insulation Resistance 
TOW  Time of Wetness 
3C1–3C3  Corrosion classes according to ANSI/ISA-S.7104                                                                                                   
85 °C/85 % RH  Corrosion test with 85 °C temperature and 85 % relative hu-
midity 
40 °C/90 %  Corrosion test with 40 °C temperature and 90 % relative hu-
midity 
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1 Introduction 
In this section the reliability of requirements and monitoring methods for frequency 
converters are reviewed.  
1.1 Background 
This thesis discusses the sensing of corrosion in electronics that controls electric motors 
in industrial applications. Most of these motors today use alternating current (AC) as 
input and their speed and torque are depended on the frequency and voltage of the AC 
input.  The frequency of the alternating current of the grid is usually 50–60 Hz, and if 
motor needs to operate faster or slower, a drive is needed. There are two main types of 
drives: direct and with intermediate circuit. In direct drives the input alternating current 
is chopped into a wanted frequency and current output by utilizing semiconductor 
switches. (Niiranen 2000, P. 48–49) 
 
The structure of a drive with an intermediate circuit is described in figure 1. The three-
phase input current (with phases U1, V1 and W1) in the left corner is EMC- filtered and 
rectified into a direct current (DC) and converted back into alternating output current by 
an inverter. EMC-filtering is done to reduce the amount of interference signals from the 
drive to the grid. The intermediate circuit is situated between rectifier and inventer. It 
has big capacitors and a brake resistor to stabilize DC voltage. The brake chopper and 
braking resistor are used during motor braking when the deceleration energy is dissipat-
ed in the brake resistor. The voltage of the intermediate circuit is measured with a 
measuring unit which also monitors inventer voltages and currents directed into the mo-
tor. The measuring unit is connected to the control unit of the drive. This control unit 
consists of the control panel, I/O interfaces for external controlling units and motor pe-
ripherals. Based on results given by the measuring unit, the motor control unit adjusts 
the voltages and currents in the way that the motor operates in a desired way. The in-
termediate circuit also gives input voltage to the power supply of the drive which in turn 
distributes desired supply voltages to the control and measuring unit. (Kiiski 2012, P. 
5).   
 
 
Figure 1. Structure of a drive with an intermediate circuit (Re-drawn after Niemi 2006, 
P. 9). 
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The aforesaid electronics is implemented in a Printed Circuit Board (PCB). The assem-
bly of PCB and electronic components is called Printed Circuit Board Assembly 
(PCBA). In figure 2 some of these drives, with their plastic encapsulations, are shown. 
Although these drives are enclosed into closed plastic housings, many mechanical struc-
tures and therefore PCBAs are often open in order to get better cooling. Because of the 
open structure airborne gases, chemical compounds and pollution have a corrosive ef-
fect to the PCBA. This is especially true in highly polluted places such as in heavy in-
dustry or inside mines, in tropical atmosphere or seashore.  
 
Figure 2. Drives attached to a wall (Kiiski 2012, P. 4). 
1.2 The Research motivation 
The main motivation for this study was to develop a method that would predict and pre-
vent occurring failures. Because drives are meant to be used for a long time (10–25 
years), their robustness is imperative and it is important to receive a pre-warning of an 
occurring failure. It is also considered beneficial to gather knowledge, on PCBAs aging 
during their life time. This all would help designers to take the use environment better 
into account in designing stage and tailor the corrosion prevention measures according-
ly. This life cycle knowledge could also make warranty handling easier as corrosiometer 
gives in-situ information in which kind of environment the drive has been used.  
Corrosiometer is a sensor, which measures corrosion rates or environmental factors 
causing corrosion 
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1.3 The goal of this project 
The purpose of this project and Master’s Thesis was to design and evaluate a structure 
for a corrosiometer. It was also important to gather information about corrosion mecha-
nisms and typical failure modes from literature and environmental testing. Additionally, 
there was a need for to study different corrosion mechanisms affecting the PCBA and 
related components and search for different corrosion sensors suitable for monitoring 
the corrosion rate of PCBA. 
1.4 Borderlines and scope 
This work focuses solely on failures caused by corrosion on the PCBA and how to de-
sign a corrosion sensor or corrosiometer that can be used to warn operators or mainte-
nance personnel about imminent failure before actual damage is caused to the system. 
However, sensor readout electronics was left outside the scope of this Master Thesis, as 
they will be handled in other projects. Environmental monitoring of drives during man-
ufacturing, storage and transporting from ABB factory to customer was determined to 
be kept outside scope of this Master’s Thesis because of difficulty achieving data from 
this period. Also mechanical loading such as vibration and thermo mechanical failures 
(creep/fatigue) were excluded due to their case sensitivity which both makes their simu-
lation in a laboratory environment hard to plan and to carry out. 
1.5 Requirements 
Operating ambient temperature range for PCB components used inm industrial drives 
varies usually between approximately -40 – 85 °C and in some special cases -40–105 °C 
or -40 – 125 °C (ABB Oy 2013, a and b). The size demand of a sensor depends strongly 
on where it is installed but usually it should be less than 200 mm
2
. The sensor has to be 
easily integrated to the manufacturing processes of PCBA and be as cheap as possible 
(less than $ 3 per piece).  
 
Things to consider when planning the structure of a corrosiometer include: 
 a component already on the market 
 a component that could be developed in co-operation with a IC manufacturing 
partner 
 a technology that could be integrated on a PCB 
 a technology requiring no additional material, only taking advantage of elements 
of the bare PCB (copper wiring, solder alloy, solder resist, conformal coating) 
 
To reach high cost effectiveness, the idea is to use as much as possible same materials 
and components which are already used in mass manufacture. This is also reasonable 
because their reliability behavior in usage conditions is relatively well known and ABB 
assembly process is more likely to be compatible with the developed sensor. 
 
 
 
   
  11 
 
2 Corrosion 
 
The prior knowledge of corrosion failures of PCBA focuses mostly on failure reports 
from the field and different corrosion tests done in laboratory. Corrosion itself is a natu-
ral physico-chemical phenomenon, in which materials try to revert to a more energeti-
cally favorable condition. In practice this means that processed materials, such as met-
als, try to change back to ores consisting of metal oxides, sulfides or other chemical 
compounds. (Aromaa 2005, P. 5). With other materials, such as polymers, ceramics or 
composite materials, degradation mechanism are not usually called corrosion but also in 
them environment slowly destroys them with the aid of temperature, moisture and me-
chanical stress which together brittles and destroys the chemical bonds inside these ma-
terials (Aromaa 2005, PP. 115–118).   
 
In this chapter corrosion mechanisms and factors causing or accelerating corrosion are 
introduced followed by corrosion standards and corrosion tests.  
2.1 Definition of Corrosion 
Corrosion is a chemical reaction where less noble material is oxidizing and noble ions 
are reducing. Due to this reaction less noble materials are consumed away and noble 
ions are precipitated from the electrolyte. For corrosion to occur following conditions 
has to be present (Aromaa 2005, P. 24, Henriksen et al. 1991, PP. 19 - 24): 
 Conductive electrolyte (water + pollutants) 
 Corrosion pair (two or more materials with different electrochemical nobilities) 
 Electrical connection between the corrosion pair 
 
In addition, there are environmental factor which accelerate corrosion rate 
 Halides, sulfides or ammonia which can destroy locally protective layer and 
therefore promote corrosion 
 Humidity (RH > 50 %) 
 Elevated temperature (for example > 40 °C). 
2.2 Corrosion mechanisms  
2.2.1 Electrical corrosion 
Electrical corrosion occurs where conductor materials with different electrochemical 
potentials are connected by an electrolyte or connector. Ions move from the nobler ma-
terial toward the lower potential material and these moving ions therefore cause short 
circuits between these conductors. Even with small voltages high electrical fields are 
born when conductor distances are small. (Tolvanen 1996, P. 23).  
2.2.2 Migration of corrosion products  
In some cases the corrosion products of copper and silver migrate to the surface of the 
PCB and form a thin conductive layer. This phenomenon is typical when silver plating 
is coated with a gold layer. Corrosion products of copper move to the top of both silver 
and gold plating. Gold is both an expensive and porous material and it is not suitable for 
demanding conditions and, due to its high price, it is rarely used in low-cost ABB drives 
(Tolvanen 1996, P. 24). 
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2.2.3 Galvanic corrosion 
Galvanic corrosion occur in situations where materials with different electrical poten-
tials are connected to each other with a direct connection to each other (usually weld or 
electrolyte. The principle of galvanic corrosion is presented in figure 3, where the yel-
low presents the nobler and grey is the less noble material, which is corroded away 
while the noble material stays intact.  
 
Figure 3.Galvanic Corrosion in the border region between two materials with different 
electrical potentials (re-drawn after Aromaa 2005, P. 64). 
 
  Tolvanen states (1996, P. 24), that potential difference or voltage between directly 
connected materials should not be over 0.25 V in weather susceptible conditions. If 
conductor area is well protected, the allowed maximum voltage is 0.50 V. In table 1 
some most commonly used materials and their potentials are presented in seawater 
(temperature +25°C) with calomel electrode (SCE) as a counter electrode.  
 
Table 1. Electrical potentials of most common PCB materials (Tolvanen 1996, P. 24). 
 
Metal Potential vs. SCE, (V)  
Aluminium -0.75 
Silver-lead solder -0.50 
Tin solder -0.48 
Stainless steel -0.20 – -0.45 
Tin -0.26 
Nickel silver -0.19 
Copper -0.18 
Silver plating +0.01 
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As can be seen in the table 1, the potential difference between copper and tin is merely 
0.08 V. Because of this, tin is used as a protective coating for copper or steel. Its protec-
tion ability is based on its ability to form uniformly dense plating, which prevents impu-
rities or humidity reaching the coated base metal. Therefore tin is a great choice as pro-
tective coating for copper because it stops copper from reacting with impurities in air. 
Other things affecting to the galvanic corrosion is the size ratio between cathode (noble 
metal) and anode areas (less noble metal areas). If the area of less-noble material is low-
er than the area of nobler material, it slows the corrosion rate and forming of corrosion 
products. Usually, corrosion products are forming on the top of less-noble material, 
close to the border area between the two different metals, while noble material stays 
intact (Aromaa 2005, PP. 97–98, 114).  
2.2.4 Other corrosion mechanisms 
In this chapter other usual corrosion mechanisms are discussed. These mechanisms have 
some impact on PCBA corrosion but due their universal nature they are not described in 
detail here. Common corrosion is the most predictable corrosion form because the cor-
rosion rate is almost same throughout the whole surface. Crevice, pitting and galvanic 
corrosion are local corrosion mechanisms, as they are caused by local impurities or ma-
terial differences. In crevice and pitting corrosion, strong corrosive agents or mechani-
cal wear-out or stress destroys the passive layer, which insulates the material from envi-
ronment, and local corrosion starts. As the pit or crevice deepens, inside conditions be-
come harsher, and corrosion rate increases. In figure 4 typical corrosion mechanisms are 
illustrated. 
 
 
Figure 4. Common corrosion mechanisms: common, pitting and crevice corrosion 
 (Re-drawn after Aromaa 2007, P. 64). 
 
 
 
 
 
 
 
 
 
 
 
   
  14 
 
 
 
 
2.3 PCB materials vulnerable parts to corrosion  
In table 2 typical materials for electronics are given. Copper is the most used material in 
whole electronics industry, and for example conducting traces are usually pure copper. 
Screws and conductors are often made of bronze and brass alloys. A typical structure of 
a connector`s coating structure of is presented in figure 5. The base material is usually 
coated with a barrier layer, whose function is to protect the base material. It is also pos-
sible that copper tries to diffuse from the base material towards the surface of the con-
nector. This copper diffusion can be stopped by protective nickel pre-layer plated before 
the actual immersion layer, which can be silver, platinum, gold or other precious metal. 
The surface plating gives the structure mechanical and chemical protection. Additional 
protection can be given with an optional solder resist and/or conformal coating. Both or 
these coatings are usually made of polymers. They are used in order to stop solder 
reaching unwanted areas (solder resist) or stop humidity and corrosive agents reaching 
materials below. Copper corrodes usually by common corrosion, but strong oxidizers 
such as chlorine and sulphur compounds can promote also local corrosion. When plated 
copper is used, the corrosion usually starts from local pores, where the protective oxide 
barrier has been destroyed and corrosion products diffuse to the top of copper. 
(Hienonen and Lahtinen, 2007, P. 158 and Aromaa 2007, PP. 111–112).  
 
Table 2. Materials for electronics (modified after Hienonen and Lahtinen, 2007, P.  
158). 
Part Materials 
Cabinets, racks, springs and 
heat sinks 
Aluminium, steel, brass, bronze, copper, zinc nickel 
and copper coatings  
Printed Circuit Board Copper, copper alloys, tin and gold coatings 
Electrical contacts and grou-
dings 
Copper alloys, steel, aluminium, contact platings such 
as gold, palladium, silver-palladium, silver and tin 
Connectors Brass, beryllium-copper, phosphor-bronze, chromium 
stainless steel and contact platings 
Switches and relays Copper alloys, steels, chromium and stainless steel 
Passive and semiconductor 
components and microcircuits 
Gold, copper alloys, nickel as barrier layer, silver, al-
uminium, kovar (nickel-steel alloy) and wolfram 
 
In PCBs used by ABB connection pads to components and connectors are typically 
coated with tin. Elsewhere, PCB surface is coated with solder resist. On top of PCB and 
components, uniform acrylic conformal coating is used as a final coating layer.  
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PCB parts which are most prone to corrosion (Tolvanen 1996, PP. 23–27) 
 Electro plated silver, aluminum and copper parts 
 Silver and copper contacts 
 Solder materials (tin, silver and copper etc.) 
 Corrosion (loss of material) mechanisms in bare PCBA materials, conductors, 
components and solder alloys 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Plated structure of a connector (re-drawn after Hienonen and Lahtinen, 2007, 
P. 135). 
 
Due to the multilayer structure used in PCBA, it would also be beneficial to inspect how 
a controlled corrosion test affects the corrosion of different coating combinations used 
in PCBAs made by ABB Oy. This test setup is described in detail later on.  
2.4 Corrosion environments, corrosive agents and corrosion standards  
The most common factors causing problems with electronics are heat, vibration and 
humidity aided by dust and/or other pollution. Their contribution to the occurrence of 
electronics failures vary depending of the environment. An example        from the rele-
vant importance of each factor from aviation industry is given in figure 6. Corrosion is 
one the most important failure mode in electronics. Temperature, temperature fluctua-
tion and humidity are root causes to different corrosion mechanisms and their severity 
due to thermodynamics and environmental parameters (humidity and pollution). All 
these factors can also accelerate corrosion rates and therefore cause increased failure 
rates in PCBAs used in the field. (Hienonen and Lahtinen 2007, P. 18).  
 
 
 
 
 
 
 
 
Surface material: tin (5–8 µm) or 
gold (0.3–5 µm) 
Barrier material: nickel or copper (2–
3 µm) 
Base material: tin copper or brass 
 Solder resist or conformal coating 
(optional) 
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Dust and vibration are not usually causing corrosion directly, but conductive dust (for 
example coal dust) can collect humidity from air and therefore can cause optimal condi-
tions for chemical oxidation-reduction reactions, which are the root causes for corro-
sion. Vibration causes mechanical strain to PCB components and can therefore break 
component leads and solder junctions (Karppinen 2013, PP. 59–60). 
 
 
Figure 6. Environmental factors contributing to failures of PCB in aviation industry: 
heat, vibration humidity and dust (Hienonen and Lahtinen, 2007 P. 18). 
 
The other acceleration factors contributing to PCBA corrosion problems are related to 
material properties (available corrosion pairs and their passivation capacity for pas-
sivation) and for example air pollutants such as Cl2, H2S, SO2 and NO2.  
2.4.1 Humidity and temperature 
Corrosion in PCBA is predictable when environmental conditions allow condensation 
of humidity (RH near 100 %). On the other hand, corrosion is not likely to be a problem 
in conditions where relative air humidity is below 40 % and temperature lower than 40 
°C. In these optimal conditions a majority of corrosion problems do not occur, or they 
are slow enough not to cause problems during the life cycle of the system. However, in 
practice these conditions are possible only in well ventilated indoor locations, as can be 
seen in figure 7, where statistics of typical temperature and air humidity for polar and 
temperate climates in different seasons are presented (Middle Europe, Canada and 
Northern parts of USA).  
 
When the relative humidity exceeds 60 %, corrosion is still relatively slow, but at 70–90 
% relative humidity, the corrosion rates grow significantly. As a rule of thumb, corro-
sion rates typically double for a rise of ten Celsius-degrees. It is also important to re-
member that corrosion can be a problem also when temperature chances rapidly. A good 
example of this is morning mist, when the surfaces of electronic components are cool, 
but because air is warming up fast and absolute humidity (the amount of water in air in 
g/m
3
) is rising, moisture starts to condensate on top of or inside electrical components if 
necessary ventilation is not taken properly cares of. (Hienonen and Lahtinen 2007, PP.  
14–15, 47–51) 
 
As can be seen in the figure 7, relative humidity stays always over 60 % and during 
winter time (November to October) it exceeds 90 %. Air humidity is even higher in 
tropic areas and near seaside relative (Hienonen and Lahtinen 2007, P. 15). 
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Figure 7. Typical corrosion environment (relative air humidity and temperature) out-
side in polar and temperate climates in different seasons (Middle Europe, Canada and 
Northern parts of USA) (Hienonen and Lahtinen 2007, P.  15). 
 
Inside a drive the temperature is usually kept 10–20 °C above the surrounding environ-
ment to prevent condensation of humidity to the surfaces of PCB components (Kiiski 
2012, P. 29). In figure 8 typical curves for tropical dry (desert) and humid tropical areas 
are presented. Tropical dry curve is marked with blue and humid curve with red color. 
For example, if air temperature is approximately 30 °C and RH 65 % in tropical tem-
perature (blue curve), then drive`s internal temperature is 50 °C and relative humidity of 
air is approximately 25 %. 
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Figure 8. Temperature-humidity curves in tropical areas. Blue curve presents typical 
tropical dry and red curve tropical damp type of climate (IEC 60721-3-3 1994, P. 101.). 
2.4.2 The role of chemicals and conductive dust in corrosion 
In harsh environments, with high humidity and temperature combined and corrosive 
agents accelerating normal corrosion mechanisms, drives can be subjected to demand-
ing conditions. Most often corrosion standards (for example ISO 9223 and IEC 60721-
3-3) state that chlorine, sulfur dioxide, nitrogen oxide and hydrogen sulphite are men-
tioned to be the most corrosive agents. Some of these chemicals are also present in sem-
iconductor manufacturing processes, such as soldering fluxes, which contain chlorine. 
Next these most important corrosive gases are described in detail. 
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2.4.2.1 Chlorine (Cl2) 
Chlorine is a strong oxidizer and therefore corrosion catalyst, which can cause for local 
destruction of the passive oxide layer. It is known to be most harmful to ferrous metals 
and less to copper and zinc alloys (Revie 2000, P. 312). Main sources for chlorine are 
sea water, heavy industry, such as paper factories, and desert salt in areas, where the 
ground is ancient seabed (ISO 9223 2012). A notable source for chlorine for PCB is 
traditional manufacturing processes, such as etching or after soldering when CFC-based 
(chlorofluorocarbons) cleaning agents were used. Today, the use of CFC-detergents is 
forbidden and other manufacturing processes which for example do not include washing 
are used instead. (Tolvanen 1996, P. 35, 39) 
2.4.2.2 Sulphur dioxide (SO2) 
Sulphur dioxide is an acid rain component which reacts with water and forms sulphur 
acid H2SO4. It is a diminishing, but still important source of corrosion especially in the 
developing countries (Revie 2000, P. 311). Main sources for sulphur dioxide and other 
sulphur compounds are heavy industry and volcanic activity (ISO 9223 2012).  
2.4.2.3 Hydrogen sulfide (H2S)  
Hydrogen sulfide is a very corrosive to most metals/alloys and the corrosive effects of 
gaseous chlorine and hydrogen chloride in the presence of moisture tend to be stronger 
than those of chloride compounds. Both SO2 and S2H are harmful to silver and copper 
alloys (Henriksen et al. 1991, PP. 41–42).  
2.4.2.4 Nitrogen oxides (NOx), Ozone (O3) and other chemicals 
Nitrogen oxides (NO2 most often mentioned), ammonia and ozone are important corro-
sion agents, as they can form nitric acid (HNO3), and are able to accelerate atmospheric 
corrosion rate in copper several times, when SO2 is present. Nitrogen compounds, in the 
form of NOx, also tend to accelerate atmospheric attack. The NOx compounds are 
formed largely from combustion (for example traffic) processes and have been reported 
to have increased in relation to SO2 levels. However, measured deposition rates of these 
nitrogen compounds have been significantly lower than those of SO2, which probably 
accounts for the generally lower importance assigned to these. Generally researchers 
think that at ppm range nitrogen oxides have a very slight effect on corrosion of copper. 
(Revie 2008, P. 303-304 and ISO 9223 2012). Ozone itself without nitrogen oxides is 
not so significant, because it is not stable at ground level.  Also carbon dioxide (CO2), 
oxygen (O2) and hydrogen peroxide (H2O2) are thought to have some effect on corro-
sion of metals, but they are not mentioned in standards (Revie 2000, PP. 309–311). 
 
As a summary the following table 3 highlights common pollutants in industrial envi-
ronments. As can be seen, together with inorganic chemical compounds, also some or-
ganic compounds (wood fibers and aldehydes, carbon monoxide and other hydrocar-
bons) are mentioned as sources for pollution. However; inorganic corrosive gases pre-
sented in this chapter are commonly thought to contribute more to corrosion of electron-
ics. Bromides are not mentioned in corrosion prevention standards or guide books ei-
ther. 
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Table 3. Common pollution types in five industrial environments (Tolvanen 1996, P. 
20). 
Processing environment Pollution 
Energy  SO2, C, CO, NOx, hydrocarbons and other organic compounds 
Paper and pulp in-
dustry 
Cl2, SO2, H2S, CO, wood fibers, dust 
Wastewater treatment  NH3, H2S, H2, S, CO and aldehydes 
Traffic SO2, SO3, HCl, HBr, NOx, CO, hydrocarbons and other organic 
compounds 
Harbours NaCl, clorides 
 
2.4.2.5 Conductive dust 
Dry dust itself is not usually a big corrosion risk for metals or electronics although in 
humid atmosphere dust is very good humidity collector. Humid dust combined with or 
including corrosive chemicals can cause perfect conditions for local corrosion. Addi-
tionally, conductive dust together with humidity can cause short circuit. Desert sand can 
also cause mechanical damage and local corrosion if sand includes sea salt. In figure 9 
the effect of different kinds of dust samples around the world, combined with relative 
humidity to the presence of leakage currents, are presented.  
 
Figure 9. Effect of dust with soot and various conductive elements to the logarithm to a 
leakage current as a function of relative humidity. All of these samples were collected 
outdoors. K10 was a dust sample collected from US embassy in Kuwait, K47 and K48 
from New York (Murray Hill), Bronx (New York) and W.Va (West Virginia)  
(re-drawn after Comizzoli et al. 1992). 
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2.5 Corrosion environment standards 
Corrosion is a well-studied natural phenomenon which causes large problems in indus-
try. Since the beginning of industrial revolution, when the usage of structural metals 
increased dramatically, it has been important to determine the reasons behind corrosion 
and how to classify the different environments           the materials are exposed to. Dif-
ferent corrosion prevention mechanisms are needed for sheltered indoor environments 
and polluted industrial or seashore surroundings (Aromaa 2005, P. 96). In this chapter, 
most used corrosion standards are introduced.  
 
One of the most widely used corrosion standard is ISO 9223, published by the Interna-
tional Organization for Standardization (ISO), whose headquarters is in Geneva, Swit-
zerland who and has 163 member countries. This standard is designed to be more of a 
general standard, which is applicable around the world. Therefore, it is often used to-
gether with more specified standards to determine corrositivity and corrosion rates of 
inspected environments (Aromaa 2005, P. 25). These more case sensitive standards are 
specified after different branches of industry or different operating environments. A 
good example of these is IEC 60721-3-3 which is released and updated by International 
Electrotechnical Commission (IEC), a sister organization for ISO and its focusing on 
standards dealing with Electrotechnical industry. In United Stated alongside with IS0 
9223 also standard ANSI/ISA-S71.04 is used. The main difference between ISO 9223 
and two other standards is that the corrosivity is determined according to metal corro-
sion rate, while IEC 60721-3-3 and ANSI/ISA-S71.04 determine corrosion classes by 
border values for pollutants.  
 
Hienonen and Lahtinen (2007, P. 74) propose following procedure, presented in figure 
10, for corrosion analysis. In this procedure the environmental conditions are fist deter-
mined with IEC 60721 standards, then the time of wetness (use time, when relative hu-
midity is > 80 %) and environmental impurity classification are determined by ISO 
9223, and together with all this data the corrosivity in that conditions are determined.  
 
 
 
Figure 10. A procedure for corrosivity determination (re-modelled after Hienonen and 
Lahtinen 2007, P. 74).  
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2.5.1 ISO 9223  
ISO 9223 standard classifies the corrosivity of an atmosphere based on measurements 
of time of wetness and pollution categories (sulfur dioxide and airborne chlorides). This 
standard is not intended to be used as a sole source for corrosion estimation for extreme 
service atmospheres, such as those within chemical or metallurgical processing facilities 
or where there is a direct contact with salt spray. However, it is a frequently used base 
standard for defining corrosion rates and the corrosivity of each environment to give a 
rough estimation of corrosion rates of metals. According to time of wetness (TOW) cor-
rosion environments can be categorized in five (ISO 9223) or six classes (Henriksen et 
al. 1991) from mildest conditions (τ1 like clean room environment to harshest condi-
tions τ6 tropical or greenhouse environment). TOW is defined in ISO classification as 
the percentage of annual conditions, where relative air humidity is > 80% and tempera-
ture > 0°C. (ISO 9223 2012).  
 
Table 4. Time of wetting classes according to ISO 9223 and Henriksen et al. (1991) own 
class distribution (Henriksen et al. 1991, P. 27.). 
 
Class 
 according to ISO 
9223 
Class  
according to 
Henriksen et al. 
(1991) 
Portion of the 
use time (%) 
Example of occurrence 
τ1 ≤ 10 τ1 ≤ 10 τ1 < 0.1 Internal microclimates without climatic 
control 
10 ≤ τ2 ≤ 250 10 ≤ τ2 ≤ 250 0.1 ≤ τ2 ≤ 3 Internal microclimates without climatic 
control (expect for internal non-air condi-
tioned spaces in damp climates 
250 ≤ τ3 ≤ 2500 250 ≤ τ3 ≤ 1000 3 ≤ τ3 ≤ 10 Outdoor atmospheres in dry, cold climates 
or well ventilated indoor conditions 
2500 ≤ τ4 ≤ 5500 1000 ≤ τ4 ≤ 2500 10 ≤ τ4 ≤ 30 Outdoor atmospheres in all climates (ex-
cept for dry and cold climates) 
5500 ≤ τ5 2500 ≤ τ5 ≤ 5500 30 ≤ τ5 ≤ 60 Some zones of damp climates,  unventilat-
ed sheds in humid conditions 
- τ6 > 5500 τ6 > 60 Green house 
Based on these TOW classes and annual copper corrosion rates, six ISO 9223 
corrosivity classes are defined. They are given in table 5. Corrosion rate means the oxi-
dation rate of copper, which is assumed occurring by general corrosion, because it is 
easiest to measure, as the corrosion rate is almost uniform in it. In corrosion class C4 
the corrosion rate is 1.3–2.8 µm/a, which also the target range for corrosion tests done 
for this Master’s Thesis. This rate is not enough to break copper traces whose thickness 
is minimally 30 µm. However, this corrosion rate is defined from common corrosion 
and cannot estimate local corrosion mechanisms which electronics are more prone to. 
Common corrosion can promote formation of corrosion products which can cause short 
circuits or offer optimal conditions for local corrosion.  
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Table 5. ISO 9223 corrosivity classes (ISO 9223 2012).  
Class Corrosivity class 
Corrosion rate in copper marked (r) 
(g/m
2
*a) 
Corrosion rate in copper (r)  
(µm/a) 
C1 Very low r ≤ 0,9 r ≤ 0.1 
C2 Low 0.9 ≤ r ≤ 5 0.1 ≤ r ≤ 0.6 
C3 Medium 5 ≤ r ≤ 12 0.6≤ r ≤ 1.3 
C4 High 12 ≤ r ≤2 5 1.3 ≤ r ≤ 2.8 
C5 Very high 25≤ r ≤ 50 2.8 ≤ r ≤ 5.6 
CX Extreme 50 ≤ r ≤ 90 5.6 ≤ r ≤ 10 
2.5.2 IEC 60721 
Many of ABB drive product specifications use IEC 60721-3-3 standard to determine the 
limits for chemicals in their operation environment, while the two other parts of the 
same standard determine same limits while during transporting and warehousing, and 
these three forms the together IEC 60721-3. IEC 60721-1 lists environmental parame-
ters (such as temperature, humidity, mechanical vibration) and IEC 60721-2 describes 
how these parameters alter around the world and gives their stress levels covering 
transport, storage and user conditions. (Hienonen and Lahtinen 2007, P.  74) 
 
 This standard classifies groups of environmental parameters and their severities to 
which products are subjected when mounted for stationary use at weather protected lo-
cations (IEC 60721-3-3 1994). ABB products are usually designed to meet the demands 
for Class 3C2 values, which are used as border values of chemically active substances 
for the operating environment for these drives. As can be seen from table 16, the list of 
these chemicals is almost identical between different corrosion standards and all of them 
mention already pre-mentioned Cl2, SH2, SO2, NO2 gases.  The sources for these pollu-
tants can be industrial combustion processes and traffic but also natural volcanic activi-
ty is a great source of specially sulphur based compounds. Marine and seashore areas 
are usually heavily polluted by chlorine ions as well as Middle East desert salt which 
used to part of Mediterranean seabed some millennia ago.  (Hienonen and Lahtinen 
2007, PP.  14–15, 47–51) 
 
Table 6. Border values for chemically active substances according to  
IEC 60721-3-3. (IEC 60721-3-3 1994)  
Environmental  
Class (Values as ppb) 
3C1R 3C1L 3C1 3C2 3C3 3C4 
Sea salts None No No Salt mist Salt mist Salt mist 
SO2 37 37 37 110 1850 4800 
H2S 1 7.1 7.1 7.1 2100 9900 
Cl2 0.34 3.4 3.4 34 100 200 
HCl 0.66 6.6 6.6 66 660 660 
HF 1.2 3.6 3.6 12 120 120 
NH3 42 420 420 1400 14000 49000 
O3 2 5 5 22.5 50 100 
NO2 5 52 52 260 1560 5200 
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2.5.3 ANSI/ISA-S71.04 
This standard specifies the types and the concentration of airborne contaminants to 
which a specified instrument may be exposed. It is limited to airborne contaminants and 
biological influences only, covering contamination influences that affect industrial pro-
cess measurement and control systems. (Hienonen and Lahtinen 2007, P. 202)  The 
corrosivity classes for ANSI/ISA-S71.04 with border values of gaseous pollutants are 
given in table 7.  
Table 7. Air pollution classes in ANSI/ISA-S71.04 (Henriksen et al. 1991, P. 34). 
2.5.4 Standard summary and target corrosivity class in laboratory tests 
As can be seen in tables 6 and 7, border values vary greatly between different standards. 
To give better understanding, how different corrosion classes correspond with each oth-
er, table 8 gives comparable corrosion classes in ISO 9223, ANSI/ISA-S71.04 and IEC-
60721-3.  
Table 8. Comparable corrosion classes in three widely used standards (Hienonen and 
Lahtinen 2007, P. 83). 
ISO 9223 ANSI/ISA-S71.04 IEC 60721-3 
C1 - - 
C2 G1 - 
C3 G2 3C1 
C4 G3 3C2 
C5 GX 3C3 
 
The combination effect of both time of wetness and pollution concentration can be 
found in figure 11. P classes are given in table 9. As can be seen by comparing P border 
values to IEC 60721-3-3 values, it can be seen that 
  
Class Copper 
corrosion 
rate 
(nm/year) 
Silver 
corrosion 
rate  
(nm/year) 
H2S 
(ppb) 
SO2/SO3 
(ppb) 
Cl2 
(ppb) 
NOX 
(ppb) 
HF 
(ppb) 
 
NH3 
(ppb) 
O3 
(ppb) 
G1 < 30 < 30 <3 <10 <1 <50 <1 <500 <2 
G2 < 100 < 100 <10 <100 <2 <125 <2 <10000 <25 
G3 < 200 < 200 <50 <300 <10 <1250 <10 <25000 <10 
GX > 200 > 200 >50 >300 >10 >1250 >10 >25000 >100 
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 P4 and P5 are close to 3C2 values. Taking into consideration that drives are sometimes 
subjected to high amount of pollution together with high humidity it was determined 
that the inspected area of the corrosivity graph would be in between harsh (G3) and se-
vere (GX) areas.  
 
 
 
Figure 11. Corrositivities as function of time of wetness and air pollutant concentration. 
In the left side graph the limit values for ABB products (according to class 3C2 class in 
standard 60721-3-3) are marked with light red (Henriksen et al. 1991, P. 37) 
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Table 9. Air pollution P classes in according to Henriksen et al. (1991, P. 31). 
Air polluntant 
classes 
P1 
(ppb) 
P2 
(ppb) 
P3 
(ppb) 
P4 
(ppb) 
P5 
(ppb) 
Meaning Very low Low Medium High Very high 
SO2 3.8 10 38 114  > 114 
NO2 13.25 80 265 530 > 530 
H2S 3 15 71 142 > 142 
Cl2 0.4 0.7 1.7 3.4 > 3.4 
Cl- 0.4 1.7 3.4 17 > 17 
NH3 14.3 358 1430 14300 > 14300 
Soot 2 20 75 150  > 150 
 
As examples of typical Nordic operation environments from different branches of in-
dustry with temperatures, relative humidities, corrosive pollutants and corrosivity clas-
ses according to ISA standard is given in table 10.  
 
Table 10. Corrosion conditions in different industrial locations. (re-made after 
Henriksen et al. 1991, P. 80–81) 
Outside 
(pbb) 
Equip-
ment 
rooms 
(pbb) 
Fish 
indust-
ry 
(pbb) 
Ani-
mal 
shelter 
(pbb) 
Or-
dinary 
industry 
(pbb) 
Severe 
indust-
ry 
(pbb) 
Seaside 
(pbb) 
Car 
indust-
ry 
(pbb) 
Green-
houses 
(pbb) 
T 
(°C) 
5 23 17 20 26 25 6.5 8 25 
RH 
(%) 
78 40 57 82 36 49 73 43 95 
SO2 79 9 1 1 50 1447 11 5 0 
NO2 53 32 81 45 111 43 28 57 8 
H2S 6 7 10 56 44 188 1 1 1 
Cl2 3 1 6 2 11 44 5 1 2 
Cl- 1 2 36 21 7 39 1125 2 2 
NH3 0 1 33 297 6 15 0 8 0 
TO
W 
τ5 - 
τ6 
τ1 - τ2 τ2 - t4 τ5 - τ6 τ2- τ3 τ2 - τ4 τ5 - τ6 τ3 τ6 
P P2/
1 
P1 P2 P3 P3/4 P5 P5 P2/1 P1 
ISA G3 G1 G2 GX G3 GX GX G1 G2 
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2.6 Standardized corrosion tests  
Corrosion can be inspected by field and laboratory tests. Field test is a practical and 
low-cost way for corrosion monitoring, but its downside is long test-time. Because of 
this, accelerated corrosion tests have been developed. These tests are fast as they last 
usually from few days to few weeks. Their other benefit is the chance to adjust envi-
ronmental parameters (such as relative humidity, temperature and corrosion agents) and 
find out how they affect to corrosion in different materials. Their downside is high cost 
and other resources such as laboratory and trained personnel. Several accelerated corro-
sion tests are used in industry, which include from example ISO and IEC standards as 
well as different tests, which have the names of companies, who invented them. VTT 
corrosion hand book (Hienonen and Lahtinen 2007, P. 180) gives some of the most 
common used corrosion tests in table 11. Together with corrosive gases also moderate 
temperatures (usually between 25–40 °C) are used with high relative humidities (70–85 
%). Weight increase column refers to copper coupons, whose weight change is used to 
determine, how well a monitored test set-up follows standard`s guidelines. Copper cou-
pons are described more in detail in chapter 4.1.  
 
As can be seen, the gas concentrations is usually fairly small If fast test time (1-14 days) 
is needed, also corrosion tests with high humidity and temperature can used. Two ex-
amples of these tests consist of relative humidity of 85 % and temperature of 85 °C (85 
°C/85 % RH) or relative humidity of 90 % and temperature of 40 °C. Usually no corro-
sive agents are used, because these tests are able to destroy electronics fast. Test sam-
ples must be protected by plastic encapsulation, or they destroy in a manner, which do 
not represent real-life situations (Hienonen and Lahtinen 2007, P. 109-110). The other 
harsher tests option is ISO 21207, which is meant to simulate marine environments and 
which combines bi-component mixed gas tests and salt spray tests (ISO 9227), while 
the time of one test cycle is one week. 
 
Based on table 11, two most corrosive tests based on amount of corrosive gases used in 
these tests would be GR-63-Core Outdoor and Battelle III. The first mentioned test was 
developed by Telcordia Technologies and the latter by Battelle Labs. Telcordia has de-
veloped two corrosion tests to simulate corrosion for weather protected locations (GR-
63-Core Indoor) and outside conditions (GR-63-Core Indoor). Likewise, Battelle has 
developed different corrosion tests for different environmental conditions. Battelle II 
simulates conditions of light industrial environment, such as business offices while Bat-
telle III represents moderate industrial environment, such as storage areas with poor 
environment control. (Zhao 2005, P. 18–19).As can be seen, both of these tests are quite 
similar, expect that Battelle III uses higher humidity, and it does not contain SO2. 
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Table 11. Commonly used mixed gas tests and their conditions: temperatures, relative 
humidities and gas concentrations in ppb (re-made after Hienonen and Lahtinen 2007, 
P. 180). 
Test name T (°C) RH 
(%) 
SO2 NO2 H2S Cl2 Weight 
increase 
(mg/(dm2 
day)) 
IEC 60068-2-60 
(Method 1) 
25 75 500 - 100 - 1.0 -2.0 
 IEC 60068-2-60 
(Method 2) 
30 70 - 200 10 10 0.3 -1.0 
 IEC 60068-2-60 
(Method 3) 
30 75 - 200 100 20 1.2 -2.2 
 IEC 60068-2-60 
(Method 4) 
25 75 200 200 10 10 1.2 - 2.4 
GR-63-Core In-
door 
30 70 100 200 10 10 1.0 - 1.4 
GR-63-Core Out-
door 
30 70 200 200 100 20 3.1 - 4.1 
Battelle II 30 70 - 200 10 10 - 
Battelle III 30 75 - 200 100 20 - 
 
 
Together with standard tests given in table 11, ISO organization has presented a set of 
flowing gas tests in standard ISO 10062. This standard gives six methods (A–F) with 
different combinations of sulphur dioxide, hydrogen sulphide, nitrogen dioxide and 
chlorine. All the methods and their gas combinations are given in table 12.  Two test 
variations are also provided for all methods 
 
 25 °C and 75 % RH or 
 40 °C and 80 % RH 
 
Table 12. ISO 10062 test methods and their gas combinations (ISO 10062 2007). 
Test methods SO2 (pbb) H2S  (pbb) NO2  (pbb) Cl2  (pbb) 
A 500 - - - 
B - 100 - - 
C - - - 20 
D 500 100 - - 
E 200 - 500 - 
F 500 100 - 20 
 
In ABB drive manuals the acceptability limits for relative humidity in the presence of 
air pollutants are 5–95 % and no condensation allowed.  The operating temperatures are 
usually from -15 to 55 °C (ABB 2013, a and b). 
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3 Insulation and conductor resistance 
 
Corrosion can be monitored in several ways, such as by visual, mass change or electri-
cal tracking, which is mostly done by measuring isolation, surface or conductor re-
sistance. In this project resistance tracking was chosen, because it allows automatical 
measuring and data storage and it can be used both in laboratory and in the field without 
disturbing corrosion phenomena itself.  
3.1 Insulation resistance 
Insulation resistance between two different copper traces can be used to evaluate the 
corrosion rates in PCB. However, it is important to remember that the conductive pat-
terns always have a great variety of traces width and spacing. This variety needs to be 
taken into account when conductive patterns and insulation resistances of a printed 
board are designed and tested. In order to increase insulation resistance the length of a 
trace has to be decreased or the distance between the traces has to be increased. 
The insulation resistance RI (Ω), measures how well two electric currents flowing in 
two different traces can be kept separate in order to avoid a short cut. These currents can 
go via base material, medium material between these traces or the surface of PCB (sur-
face current). It can be calculated via equation 1 (Hienonen and Lahtinen 2007, L 1/44) 
,where ρmedium is the resistivity of PCB base material (Ωm), L is the distance between 
two traces (m), s is the length of one trace (m) and t is the thickness of one trace (m),  
 
            
 
   
.   (1) 
 
Figure 13 give a graphical prescription of the dimensions used in formula 1, 2 and 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Dimension used in formulas 1, 2 and 4.  
 
The insulation resistance of a printed wiring pattern is usually measured by using IPC 
testing patterns .For example the test board IPC-A-25 Multipurpose 1 & 2 Sided Test 
Pattern (IPC B-25) can used for this purpose. (Hienonen and Lahtinen 2007, L 1/46) 
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3.2 Surface insulation resistance 
Equation (2) (Hienonen and Lahtinen 2007, P. L1/46) gives a way to calculate the sur-
face insulation resistance (SIR). In this formula ρPCB is the surface resistivity of the PCB 
(Ωm), s is trace length (m) and w is trace width (m), as presented in figure 13  
        
 
 
 
 
    
 
 
 
.   (2) 
SIR can be measured via comb like test structure described in IPC-9201 Surface Insula-
tion Resistance Handbook and can also be calculated via equation (3) (Hienonen and 
Lahtinen 2007, P. 130), where, π is pi, f is the electrical frequency of the alternating 
current (Hz), μ is magnetic permeability of the PCB base material (H/m) and σ is con-
ductivity of the material (S/m),  
    
     
 
 .   (3) 
 
Surface resistance is therefore directly proportional to frequency and material properties 
of the surface but also contamination and conductive dust affect it greatly. Its recom-
mended limit value for PCB is below 2*10
8Ωm (Hienonen and Lahtinen 2007, P. L 
1/52). PCB base material is usually made of a glass-reinforced epoxy laminate sheet, 
whose commercial name is “FR-4” This material`s conductivity is approximately 
0.0042 S/m (Chen 2000) If length of a copper trace (s) is for example 0.1 m and its 
width is 100 µm = 1*10
-4 
m, then via formula 2  
 
   
 
       
 
 
 
    
       
                           (4) 
3.3 Conductor resistance  
The conductor resistance (RC) of one trace can defined with formula 5, where ρCu is re-
sistivity of copper, t is thickness (m), w is width of one trace (m) and s is the length of 
one trace (m)  
   
     
   
.    (5) 
 
Conductor resistance can also be measured indirectly by measuring voltage between 
two ends of a trace when a known current (I) flows through the trace.  After that, con-
ductor resistance can be calculated via Ohm's law, where U is the voltage over the trace 
(V), 
   
 
 
.    (6) 
 
The resistivity of copper is directly proportional to temperature, and it can be calculated 
with formula 7, where ρCu0 is the copper resistance in a reference measurement tempera-
ture (usually 20 or 25 °C in literature), T is the use temperature (°C) and Troom is 20 °C.  
 
                             (7) 
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4 Corrosion Sensors 
 
Various different kinds of sensors are available in the market today. A sensor is an ap-
pliance which reacts to stimuli (flow of heat, pressure or presence of chemicals etc.) and 
transforms the stimuli into an electronic quantity that can be measured. Corrosion is a 
complex process which rate can be estimated by monitoring factors causing or acceler-
ating corrosion: the levels of relative or absolute humidity, temperature and corrosive 
gases and gas mixes. This is difficult because it must be determined how different gases 
affect to all drive materials and expensive due to high cost and amount of needed sen-
sors and other equipment. The other way is to measure, how corrosion changes the 
function of the sensor, which can be electrical signal (resistance or conductance), mass 
change, or how mass change alters the natural frequency of the sensor. For simplicity 
laboratory tests can be first to solve how corrosion affect to the drive as a whole. Based 
on these results corrosion rates can be monitored in the field by direct corrosivity meas-
urements (Prosek 2010). 
 
Corrosion rate can be reported by annual mass change (g/(m
2
*year)), thinning of copper 
thickness (µm/year) or resistance change due to copper thinning and formation of 
insulative corrosion products. It is important to remember that the mass change can be 
resulted either by increasing or reducing weight, which is depended on whether the cor-
rosion products stay or leave from the surface of corroding material. Corrosion rate 
measurements can be distributed into cumulative (mass change and coulometric meas-
urements) and continuous types (quartz crystal microbalance and electrical resistance 
methods). Both these types are introduced next.  
4.1 Mass change methods 
Mass change methods (gain/loss), for example by utilizing copper coupons, are widely 
used in corrosion tests and standards to verify the corrosion rates and make sure that the 
test-set ups do meet the requirement (corrosion rates and allowed deviations from it) of 
the used testing standard. The problem with these mass change methods is that the mass 
change is a fairly crude method, which can underestimate the actual corrosion rate, if 
the corroding metal does not leave the surface and forms instead a compound between 
corrosive gases or other impurities.  
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Figure 14. Copper corrosion coupons which can be used to monitor corrosion rates. 
These copper coupons were manufactured by Purafil and their dimensions are follow-
ing: length is 10 cm, width 2 cm and thickness 5 mm.  
 
This mass change can be calculated via formula 8, where ∆m is mass change (g) of a 
tested sample and A is surface area (m
2
) 
                            
 
  
 
  
 
.  (8) 
This mass change can be converted into an annual copper loss (m/a) by dividing it with 
copper`s density (ρCu) 
                             
 
 
 
  
 
      (9) 
In appendix A corrosion rates from two corrosivity tests are given. These tests were 
done in field in tropical conditions instead of in laboratory. The first test lasted for 16 
years and the other had two separate, a year-long test period. The results copper corro-
sion rates were 1–4 μm/a, which correspond with C4–C5 corrosion classes in ISO 9223 
standard. 
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4.2  Coulometric methods 
Coulometric measurements are done by electrochemical cell which includes electrolyte, 
wires, counter, reference and working electrodes and measurement devices (potentiome-
ter and current meter). The working electrode the place where the measured chemical 
reaction occurs whose electrode positional is inspected by measuring the positional dif-
ference between the working and the reference electrode, whose potential is known. 
Because current cannot be allowed to pass the reference electrode, a counter electrode is 
needed. These measurements are used to measure corrosion potentials and currents (cor-
rosion rates). Cumulative methods are usually simple and cheap to use but their down-
side is the long response time. Continuous methods are faster and more accurate but 
also more complex and expensive to use.  
4.3 Quartz crystal microbalance 
Quartz crystal microbalance is a novel and sufficiently sensitive method for indicating 
corrosion related changes and is used in the field (Prosek 2010). Principle of this meth-
od is given in figure 15. This method is based on measuring how corrosion changes the 
natural frequency of a metal coated crystal disc, when oscillator functions as a frequen-
cy source.  
 
Figure 15. Principle of quartz crystal microbalance sensor, this sensor is based on 
measuring how corrosion changes the natural frequency of a metal coated crystal disc, 
when oscillator functions as a frequency source (Prosek 2010). 
 
This method can utilized by using equation 10, where ∆f is the frequency change, f0 is 
the original natural frequency, N is frequency constant and ∆m mass change (assuming 
film growth on one side of the crystal). The downside of this method is its sensitivity 
temperature, humidity and dust, mechanical fragility and high cost.  
 
     
  
 
    
       (10) 
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4.4 Electrical resistance sensors  
 A structure of a sensor based on resistance change of copper trace due to corrosion is 
presented in figure 16. This method`s advantage compared to quartz crystal microbal-
ance sensor is its robustness and non-sensitivity to environmental disturbances (such as 
humidity, mechanical stress or temperature) and its downside is the slower response 
time. Electrical resistance sensor proposed by Prosek (2010) is based on measuring the 
resistance change between an uncoated and a coated electrical trace, which acts as a 
reference.  
 
 
 
Figure 16. Electrical resistance sensor which consists of a corroding and a non-
reacting reference area (Prosek 2010). 
 
Corrosion depth can be calculated by formula 11 (Prosek 2010), where tinit is initial 
thickness, Rref is the resistance of reference track, Rsense, init is initial resistance and Rsense 
is resistance of the sensor track 
           
               
              
     (11) 
In the case with PCBA, the initial trace thickness is hard to measure during manufactur-
ing and it varies between different sensor units. Corrosiometers based on measuring the 
change of resistance are popular and several commercial applications and patents can be 
found. Because corrosion depth is hard to measure, instead of formula 11, resistance 
changes are usually directly measured and the measured value is compared with the 
stored initial value of resistance. In following chapter 4.41 different electrical are intro-
duced.  
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4.4.1 Electrical resistance sensor structures 
Because the requirements mentioned in chapter 1.3 need to be met following conclu-
sions could be made. To achieve a profitable price, a modified version of electrical re-
sistance sensor had to be developed and tested in laboratory experiments. In this chapter 
electrical resistance sensor structures which were as a base for novel corrosiometer are 
presented. The novel corrosiometer is then presented in chapter 5.1. 
The problem with mass change methods were their inaccuracy, while both coulometric 
and quartz crystal microbalance methods are too complex and expensive for the case of 
an environmental fuse. Electrical resistance corrosiometers were determined to be the 
most promising sensor type, but corrosion depth measurement was determined to be too 
variable to be properly predicted, so instead applications of direct electrical resistance 
measurements were decided to be examined. In this chapter the results of this survey are 
presented. As examples of standard IPC specimens, IPC 26-36-2, IPC-B-24 and IPC-B-
25A multipurpose test board, are presented in figure 17.  
 
 
Figure 17. IPC test boards used to measure insulation resistance. The green colored 
sensor is IPC 26-36-2, next to it is IPC-B-24 and below them is IPC-B-25A multipur-
pose test board (IPC-TM-650 Test Methods Manual 2013). 
 
The downside with these IPC patterns is that they measure only insulation resistance 
and do not tell how the corrosion affects the trace itself. The other problem with these 
test patterns is their suboptimal spacing, which is not dense enough for a corrosiometer 
which must fit in a small place available in PCBA.  
 
The patterns for copper traces printed for PCB specimen were designed by utilizing 
standardized IPC patterns and Vahter pattern, which is presented in figure 18. 
Vahter`s pattern is made of three copper traces with varying width and spacing. The 
length of one trace is approximately 0.32 m. Three traces were used together to promote 
leakage currents between two traces, while the third trace could be used as reference. 
 
The leak resistance can be calculated via formula 12 (Vahter 1999, P. 62), where Rleak is 
the leak resistance (Ω) and Rref reference resistance (Ω) measure over neighbor copper 
trace,   Ubias is input voltage (5V) and Umeas and  is measured voltage, which is measured 
over two ends of a trace.   
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        (12) 
 
Figure 18. In left: copper trace pattern used by Vahter for conductor resistance calcu-
lations and measuring set-up used by Vahter   (Vahter 1999, P. 63). 
 
The test pattern proposed by Vahter is simple and easily manufacturable. However, the 
problems with this test pattern are the same as with the IPC test patterns as both meas-
ure only insulation resistance and take too much space from the PCBA.  
 
Agarwala and Pearstein (1994) present a sensor structure which is thin enough to be 
situated between two layers of a laminated composite structure or beneath a coating. It 
is given in figure 18. According to inventers, this sensor is designed to be light enough 
to be suitable for aircraft environment. They propose that base material of this sensor 
can be made of polyimide sheets (Kapton, made by DuPont), which according to this 
patent description is available as thin as 0.025 mm, or glass–epoxy sheets with mini-
mum thickness of 0.254 mm.  
 
Agarwala and Pearstein (1994) explain that sensing patterns, which are drawn with 
black lines in figure 19, are made of two dissimilar materials, where the less noble acts 
as an anode and the noble as cathode. These patterns are made on an insulating surface, 
and when the surface is dry, there are no electrical paths between these patterns.  
However, in the presence of an electrolyte, consisted of condensated water and dis-
solved impurities, creates a galvanic potential between these two metals will generate 
galvanic current. The magnitude of this current will be indicative of the corrosivity of 
the electrolyte or environment.  
 
RRef 
Umeas 
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Figure 19. Corrosiometer for measuring insulation resistance proposed by Agarwala 
and Pearstein (1994). 
 
The selection of the conductive sensing materials can be based on their relative electro-
chemical potentials or by what specific corrosive elements are being monitored. The 
metals may also be chosen to simulate the objects being corroded. One useful imple-
mentation employs gold and zinc as the cathode and anode, respectively, a combination 
which is very sensitive to the presence of small amounts of moisture. Even moisture 
generated from by breathing on such a gold–zinc sensor can be detected. This material 
combination was found to be most reproducible and responsive to humidity changes 
during long-term exposure because it produced a highly detectable current output (a few 
microamperes) even in below 80% relative humidity. Other useful metal combinations 
were found to be gold-iron, copper–zinc, gold–copper, tin–iron, nickel–chromium, and 
gold–cadmium. (Agarwala and Pearstein 1994).  
 
The advantage of this sensor is its simple structure and operating principle. Its down-
sides are material pairs which include chromium, cadmium or gold which require spe-
cial and expensive process steps to manufacture. In addition EU directive called “Re-
striction of the use of certain Hazardous Substances in Electrical and Electronic Equip-
ment” (RoHS) has restricted the use of cadmium and hexavalent chromium (Cr6+) in 
electrical and electronic equipment from the June 2006, so these material choices are 
not practical. The other problem with the structure presented in this patent is the short-
ness of traces which makes conductor resistances too low to measure easily and at a 
reasonable price. It is also likely that this sensor gives a warning when corrosion has 
happened, but cannot predict or monitor how corrosion proceeds because electrical sig-
nal forms only when electrolyte is formed.  
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Jaeger 2003 presents a structure presented in figure 20. This corrosion sensor includes a 
support, a power source (marked as “110”), a visual indicator (marked as “120”), and an 
electrode (marked with “130”) having an electrical resistance contained on the support 
and coupled to the power source and the visual indicator. This sensor monitors the 
change in resistance and gives a visual signal of it. This display on the visual indicator 
can be either change of color or brightness. This method also includes monitoring 
changes in the display on the visual indicator. These changes in the display on the visual 
indicator are mark of corrosion of the monitored material. (Jaeger 2003) 
 
 
Figure 20. Corrosiometer presented by Jaeger 200. This corrosion sensor consists of a 
support, a power source (marked as “110”), a visual indicator (marked as “120”), and 
an electrode (marked with “130”) having an electrical resistance contained on the sup-
port and coupled to the power source and the visual indicator.  (Jaeger 2003). 
  
The material choices for Jaeger`s sensor vary. Electrode may be of any conductive ma-
terial which is susceptible to corrosion. Electrode is usually made of a metal or metal 
alloy such as iron, aluminum, manganese, copper, carbon steel, silver, cobalt and mo-
lybdenum and alloys containing these metals. Any corrosion notified by electrode may 
be indicative of corrosion of surrounding materials. In one application electrode con-
tains the same material as the monitored material in order to expose its corrosivity the 
used environment. For example, when a carbon steel support structure is monitored, 
electrode may contain carbon steel. (Jaeger 2003) 
 
The advantage of the corrosiometer presented by Jaeger (2003) is that this corrosiometer 
measures directly the resistance change of the wanted material and this material can be 
chosen by using it as a corroding electrode. The downside in this option is the need for 
visual indicator, which is impracticable inside cramped spaced drives where visibility is 
limited and contactless corrosion monitoring systems would be more practical. The oth-
er problem with this sensor type is that it does not monitor the surface resistance on 
PCB.  
 
ABB has patented a more complex corrosiometer called “environmental fuse” which is 
given in figure 21. This corrosiometer is based on an active layer marked as “403”, 
which changes its behavior (resistance, conductance or capacitance) according to pres-
ence of monitored gas, humidity or environmental phenomenon (corrosion or tempera-
ture etc.). If this change surpasses allowed tolerance, the active layer send a warning 
signal though connecting layers “401” and “402” and after this the signal is processed 
and saved into fuse`s memory and the environmental fuse gives a warning or restricts 
the operation of a motor actuator in order to prevent lasting damages to the motor.  
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Figure 21. ABB environmental fuse which is based on measuring changes of an active 
layer marked as “403”. Is this change is greater than allowed tolerance, this sensor 
given a warning restricts the operation of a motor (Silvennoinen 2010). 
 
The benefit of this sensor system is its customizability and its ability to restrict the func-
tion of the motor if needed. Its disadvantages are its complexity and high cost. One 
problem can also be that if individual corrosive gases or humidity is used as a signal of 
corrosion, it is likely that corrosion mechanisms caused by other gases are missed in the 
process 
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5 Experimental 
 
In this chapter corrosiometer designed and tested in this Master`s Thesis is presented 
followed by chosen tests standard and description of test set-up. 
5.1 Proposed new corrosiometer structure 
The requirements for the corrosion sensors (chapter 1.5) were following 
 Operating temperature range -40 – +125 ° C 
 Size of ≤ 200 mm2 
 Small price (≤$ 3) 
 Sensor must be easily integrated in PCBA manufacturing process. 
 
Because none of the options found from literature meet the demands given previously, a 
new corrosiometer needs to be designed and tested. The structure of this corrosiometer 
was designed after patterns presented by Vahter (1999) and Awargala and Pearstein 
(1994). This sensor structure is presented in figure 22. The first pattern is the source for 
the inner loop drawn with narrower line and the latter was the base for the comb like 
structure drawn with bolder line.  
 
The loop is made from one long trace, with the length of 0.475 m, and it is used for 
measuring changes in conductor resistance. The comb like structure is used to measure 
the insulation resistance of PCBs as leakage current travels from loop structure toward 
the comb. This insulation resistance consists of both surface and bulk resistance but as 
Ready and Turbini (2000) state that in a case of FR-4, over 99 % of the current leakage 
will occur across the surface of the laminate.  However, term “insulation resistance” has 
been used in result section because the comb structure cannot separate surface from 
bulk resistance.  
 
Both of these patterns are made of copper. In figure 22 the loop structure seems to be 
wider than the comb, but this is due bended structure of the loop where the long trace is 
bended in the middle and so it forms the loop structure with two parallel traces. In reali-
ty loop`s trace width was 0.1 mm and the comb`s 0.2 mm, and the thickness of copper 
was 0.045 mm. Loop`s width and copper thickness are the smallest allowed dimensions 
in PCBs used by ABB to raise conductor and insulation resistance into an easily meas-
urable level.  
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Figure 22. The corrosiometer designed for this Master’s Thesis. This corrosiometer is 
made of two patterns: loop, which is made of a single long trace and the comb struc-
ture. The loop measures conductor resistance and comb insulation resistance 
 
Together with the sensor structure additional patterns were inserted to the sample board 
to inspect, how corrosion affects to plated through hole (PTH), parallel and serial resis-
tor and Quad flat package (QFP) structures, which all are common structures in PCBA. 
This whole test board structure is given in figure 23.  
 
Figure 23. Testing patterns next to corrosiometer patterns (in right): QFP, PTHs (1), 
serial (2) as and parallel resistors (3). 
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 PTHs are made of holes drilled through PCB plate.  These holes are plated by a thin 
copper layer. They are used to connect electrically the two sides of PCB and their com-
ponents. If this thin layer corrodes through, resistance of this pattern will increase, be-
cause then the current has to travel via the substrate material of PCB. In the field PTHs 
can be destroyed either by local corrosion or after humidity and temperature cycles have 
delaminated and swelled the PCB substrate which is made of polymer and glass fibre 
resin. The serial resistor patterns were made of connected small resistors (0–1 Ω), and 
the parallel patterns made by connected large resistors (1–5 MΩ). Densely connected 
QFPs were chosen to simulate how corrosion affects the connections between the PCB 
and it components. In practice PTHs and serial resistor test-patterns measure the con-
ductive resistance of the pattern. Likewise, QFPs and parallel resistors pattern measure 
the surface resistance of these patterns. 
5.2 Sample preparation and used material combinations  
Corrosions sensor samples manufactured via same processes as normal PCBs used by 
ABB. These samples were manufactured by Aspocomp Oyj. Four samples were pre-
pared from each tested material combination: bare copper, immersion tin, solder resist 
and conformal coated copper traces. This means that 32 copper patterns were used for 
measuring conductor and insulation resistances. In addition 32 test patterns including 
PTHs, QFPs, serial and parallel resistors with uncoated and conformal coated cases 
were manufactured. In total 64 test patterns were used in this laboratory test. Sample 
numbers are given in appendix B.  
 
Four different material combinations were used in testing. The idea was to use two 
corrosiometer together as a pair, in which the other would be made of corrosive material 
(bare copper of immersion tin plated copper), while the other would be coated with inert 
material (solder resist or conformal coating), which prevents corrosion. The idea was 
that the resistance signal from the corroding sensor would be compared with the refer-
ence signal to filter out any environmental disturbances, such as rapid temperature 
changes due to maintenance breaks. Immersion tin is used a as part of solder which at-
tach electrical components to PCB board.  Solder resist is used before soldering to stop 
solder reaching place it is not wanted such as contactor areas. In standard manufacturing 
process conformal coating is added on top electrical assembly in order to stop humidity, 
corrosive gases or dust reaching vulnerable electronics below. It is commonly made 
from acrylate or epoxy.    
5.3 Choosing test standard 
Because environmental tests are both expensive and time consuming, accelerated corro-
sion testing is used. However, the failure mechanism should be same as in the field. To 
achieve these, two options are available:  
 To make testing conditions as harsh as possible (high temperature, high amounts 
of contaminations and/or humidity). Options : 85°C/85% RH tests, Salt spray 
tests or by 
 Choosing a mixed flowing gas test which is a gentler than tests mentioned in op-
tion 1  
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Different test options are presented in table 13. Salt spray tests and 85°C/85% RH tests 
were determined to be too demanding for PCBs without plastic encapsulation. 
Corrosiometers without encapsulation would corrode too easily and in a different man-
ner than in field, because these tests are used to simulate seashore or marine conditions, 
where electronics are always well protected.  (Hienonen and Lahtinen 2007, P. 109). A 
mixed flowing gas test was decided to be used instead. At first ISO 10062 method F 
(with temperature 40 °C and RT 80 %) was proposed for a test set-up, but because the 
only available environmental chamber could only withstand relative humidity of 70 %, 
this standard was also discarded. 
Table 13. Environmental corrosion test set-ups and their benefits and drawbacks. 
Test Benefits Drawbacks 
85°C/85% RH or 
Salt spray tests 
Fast (testing time 
1–2 weeks) 
Severe test conditions, used 
mainly to simulate marine en-
vironments for polymer hous-
ing 
ISO 10062 method F 
Tropical condi-
tions 
Humidity level too high for 
available environmental cham-
bers 
GR-63-CORE 
Widely used 
method 
Is this test set-up harsh enough 
to cause corrosion fast enough? 
 
The selected test standard was Telcordia GR-63-CORE outdoor standard, which is gen-
erally well known, widely used and recommended by the test laboratory in Aalto Uni-
versity. Aalto recommended GR-63-CORE outdoor test, because it used relative high 
temperature with the maximum allowed relative humidity in the environmental chamber 
(70 % RH). The other advantage of this standard is that the corrosion rate can be moni-
tored via copper coupons. As stated in chapter 4.1 copper coupons are a crude way to 
measure corrosion rate, but as they are easy to use, they are widely used for corrosion 
monitoring both in field and in industry.  
 
  These test set-up specifications are presented in table 14. (GR-63-CORE 2002, Zhao 
2005). Together with them are the limit temperature, relative humidity and gas concen-
tration values given for the environmental chamber used for these laboratory experi-
ments. Aalto recommended a version of GR-63-CORE Outdoor with higher gas concen-
trations, because the actual flow of gases into the chamber could not be measured.  
 
Table 14. Specifications for Telcordia GR-63-CORE and limit values for used environ-
mental test chamber.  
Name Temperature 
(°C) 
RH (%) 
Cl2 
(ppb) 
H2S 
(ppb) 
SO2 
(ppb) 
NO2 
(ppb) 
GR-63-CORE outdoor recom-
mended by Aalto  
30 70 55 330 350 350 
GR-63-CORE outdoor 30 70 20 100 200 200 
Test chamber (max) 85 70 85 330 850 400 
 
Table 15 presents the gaseous limit values for GR-63-CORE Outdoor field environ-
ments are given. For comparison, most widely used environmental corrosivity classes 
and their contaminant values for IEC 60721-3-3 (3C1 and 3C2) and ANSI/ISA-S71.04 
(G3) standards are also given. Limit values for ISO 9223 standard categories are not 
given, because they are determined by corrosion rate instead of contaminant levels.  As 
can been, all classes are close to fairly close to each other.  
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Table 15. Telcordia GR-63-Core use environment contaminant levels (Zhao 2005).  
Standard GR-63-CORE IEC 60721-3-3 ANSI/ISA-S71.04 
Contaminants Outdoor envi-
ronment (ppb) 
3C1 
(ppb) 
3C2 
(ppb) 
G3 
(ppb) 
SO4 79 - - - 
NO2 23 52 260 125 - 1250 
SO2 150 37 110 100 - 300 
H2S 40 7.1 7.1 10 - 50 
NH3 50 420 1400 10000 - 25000 
NO, NO2 750 5 22.5 125 - 1250 
HNO3 50 - - - 
O3 250 5 22.5 10 
Cl2 6 3.4 34 2 - 10 
     
5.4 GR-63-CORE correspodence with use life and achieved resistance 
changes 
GR-63-CORE standard (2006, P. 4–29) states that 14 test days corresponds with 20 
years in field in GR-63-CORE outdoor environment or in G3 or 3C2 environment. 
Therefore the 28 days test simulates approximately 35–40 years in field. Henriksen et 
al. (1991, P. 57) note, that Battelle III and identical IEC 60068-2-60 (Method 3) tests, 
whose corrosivity on test coupons is approximately a half of GR-63-CORE outdoor 
(See table 11, P. 27), correspond with 10 years in field with 20 test days, so 28 days test 
time would correspond with 15 years in field. If the double corrosivity of GR-63-CORE 
is taken into account, then 28 days test time simulate 30 years in field. However, be-
cause neither of them includes sulfur dioxide (SO2), these two standards cannot be di-
rectly compared with the aging factor of GR-63-CORE.To give estimation, how corro-
sion affects to the corrosion, if maximum weight sense of copper coupon is approxi-
mately 4.1 mg/(dm
2
*d) = 0.41 g/(m
2
*d), then the weight change in typical 30 days test 
is,  
       
 
    
           
 
  
   (13) 
 
The density of copper (ρCu) is approximately 8960 kg/m
3
 = 896*10
4
 g/m
3
. By using 
formula 9, the copper corrosion rate is  
  
   
 
    
       
 
 
  
 
  
 
                            . (14) 
 
In table 16 theoretical resistance changes are calculated with given theoretical corrosion 
rate and 0.1 Ω resistance change is got. This resistance change is easy to measure with 
right equipment.    
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Table 16. Theoretical conductor resistance (∆RC) changes with a corrosion rate of 1.37 
μm/month. 
Sample Length 
(m) 
Thickness 
 (µm) 
Width 
(µm) 
Area (m) ρCu in 20 
and 30 °C 
(Ω*m) 
R in 20 
°C  
(Ω) 
R in 30 
°C 
 (Ω) 
Reference 0.48 45 100 4.5*10
-9
 1.7*10
-8
 1.7 1.8 
Gas-tested 0.48 44 97 4.3*10
-9
 1.8*10
-8
 1.8 1.9 
     ∆RC  0.1 0.1 
 
5.5 Test set-up and equipment 
The test set-up consisted of following equipments: 
 
 Environmental chamber and corrosive gases (SO2, S2H, NO2 and Cl2 ) 
 Developed corrosion sensor samples 
 Electronical components such as Liquid Crystal Displays (LCDs), connectors 
with different platings and small PCBs were added into the chamber as reference 
samples to simulate how electronics behave in a corrosion test 
 Monitoring equipment including two data loggers, wires and an separate humidi-
ty–temperature sensor to ensure right test conditions 
 Copper coupons for corrosion rate measurements. 
 
Measuring set-up consisted of two-point and four-point resistance measurements (Kel-
vin method) sensing methods, which are presented in figure 24. In two-point method, 
the ohmmeter is connected in series via with the test sample while in four-point method, 
separate voltmeter and ammeter is connected parallel with test sample, and resistance is 
calculated via Ohm's law. 
 
Only insulation resistances were measured via four point method and all others using 
two-point method. Only direct current was used in these measurements. Measuring sup-
plies were two pieces of Agilent 34970A Data Acquisition/Switch Unit loggers. The 
four-point measurements were carried out with Agilent 34901A 20 channel multiplexer 
cards (two pieces) and two-point measurements with Agilent 34908A 40 channel multi-
plexer measuring cards (two pieces). All the measuring channels had a shared ground.  
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Figure 24. Two- and four-point measurement principle. In two-point method, the ohm-
meter is connected in series via with the test sample while in four-point method, sepa-
rate voltmeter and ammeter is connected parallel with test sample, and resistance is 
calculated via Ohm's law (Hæggström, Paulin, and Holmström 2013). 
 
In figure 25, the environmental chamber WEISS WK 600 is presented. The white panel 
is the controlling unit and the data loggers are the grey boxes with wires in the left. On 
top of the data loggers is a separate humidity and temperature sensor. A closer view of 
the two data loggers and (left) and the humidity-temperature sensor is presented in fig-
ure 26.  
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Figure 25. The environmental chamber from outside and white control panel. 
 
 
Figure 26. Data loggers and the humidity–temperature sensor. 
 
 
A closer view of the control panel is presented in figure 27. As can be seen, this panel 
shows current date, time, chamber temperature and humidity. Because the chamber had 
been opened prior taking the figure 27, the control panel does not show its relative hu-
midity.   
 
 
Figure 27. Environmental chamber control panel with temperature and relative humidi-
ty adjustment. 
 
The environmental chamber consists of two nested chamber. Two chambers are used to 
stop the poisonous gasses from escaping outside or corroding the chamber itself. The 
inner chamber and specimen are given in figure 28.  
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Figure 28. Specimen and inner chamber before and after opening the door of the inner 
chamber. Two nested chamber structure was used in order to stop poisonous gases es-
caping from the chamber structure.  
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6 Results 
The results from the Telcordia Outdoor laboratory test are presented in this chapter. The 
Test was carried out in Aalto University in October-November 2013 and it lasted for 28 
days. The test successfulness was followed by separate copper coupons and a separate 
humidity–temperature sensor, which stated that humidity and temperature values stayed 
in 30 ± 1 °C temperature and 80 ± 1% relative humidity.  Due to problems with gas 
supply to the environmental chamber and large sample amount, the corrosion rates of 
the copper coupons were approximately half of the expected. However, according to 
Aalto environmental chamber expert Markus Turunen, the test results can be deciphered 
as if test time was 14 instead of 28 days. GR-63-CORE standard states that this test time 
corresponds to 15–20 years in field conditions described by the same standard. As usage 
conditions in GR-63-CORE and G3 are close to each other, it can be estimated that this 
test-set up corresponded with 15 –20 years in G3 conditions.  
 
For better understanding of corrosion rates of copper traces, two cross section-samples 
were prepared from bare copper sensors. The first sample was done from untested sam-
ple and the other was from a sensor, which had been in chamber for four weeks. These 
samples were inspected with a scanning electron microscope (SEM).  
6.1  Corrosion sensor resistance 
In this chapter the sensor signal changes during the four weeks testing time are present-
ed. Two samples for corroding sensor were bare copper and immersion tin coated cop-
per. The non-reactive reference options were solder resisted and conformal coated cop-
per traces. Copper conductor resistances with different material options are presented 
first and after them results from insulation resistance sensors are given.   
6.1.1 Conductor resistance 
Bare copper conductors proved to react best in corrosion test while immersion tin coat-
ed copper showed very slight increase, but as change is less than 1 %, it is not signifi-
cant enough for sensor structure. Both reference materials choices operated well in this 
test and did not corrode. This also means that the reference material coating can be cho-
sen according to what is most practicable considering other manufacturing steps of 
PCBA.  Bare copper conductor resistances are presented in figure 29. Conductor re-
sistances for immersion tin coated traces are presented in figure 30, solder resist coated 
traces in figure 31 and conformal coated traces in figure 32.  
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Figure 29. Conductor resistance of bare copper traces which change almost linearly. 
The small jolts are resulted from opening the chamber because of maintenance breaks.  
 
 
Figure 30. Conductor resistance of copper traces with immersion tin coating. The small 
change (< 1 %) is not significant enough for the corroding part of the corrosiometer. 
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Figure 31. Copper traces with solder resist coating. These did not show change apart 
from jolts caused by maintenance breaks.  
 
 
 
Figure 32. Copper traces with conformal coating. Their signals did not show change 
apart from jolts caused by maintenance breaks 
 
All of the curves show peaks which are due to opening the environmental chamber dur-
ing maintenance, which suddenly decreased temperature inside. By taking a subtraction 
between bare copper and reference signal all these peaks could be removed and almost 
linear signals could be obtained. In graph 33 this is demonstrated by choosing the most 
and the least changing bare copper trace signal and subtracting them with reference sig-
nals. The signals for the two other bare copper traces would stay in region between the-
se upper and lower boundary lines. These bare copper traces would be good for life cy-
cle estimations 
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Figure 33. Bare copper trace signals after differential subtraction from reference sig-
nals. As can be seen in trend lines and their fit equations, maintenance jolts can be re-
moved by differential subtraction.  
6.1.2 Insulation resistances 
Bare copper insulation measurements, given in figure 34, were only ones to give clear 
decline in surface resistances. Immersion tin coated traces showed decline, as can be 
seen in figure 35. However, as this signal stays over 10 MΩ, it was not clear enough for 
condition monitoring. Selected measuring range proved to be too low to measure 
changes in solder resist or conformal coated traces.  As can be seen in figures 41 and 42, 
these changes are not linear. This occurs because surface resistance is very susceptible 
for environmental changes, such as surface contamination by corrosion products, corro-
sive agents or conducting dust. The problem with measuring insulation resistance was 
the correct choice of measuring range. Both of the reference material combinations did 
not show any measurable signal or change. 
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Figure 34.  Bare copper insulator resistance during 28 days test time. Bare copper 
traces were the only material choice to give clear change during testing.  
 
 
 
Figure 35. Insulation resistances of immersion tin coated copper traces. Small changes 
can be seen but the measuring range proved to be too low for proper condition monitor-
ing. 
6.2 Reference components 
6.21 Plated through holes 
The vias or plated through hole structures were chosen to inspect how corrosive gases 
are able to locally destroy the thin conductor layer on the surface of holes which are 
drilled through a PCB plate The results for uncoated and conformal coated PTH patterns 
are given in figures 36 and 37.  
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Figure 36. The resistance changes of plated through hole test patterns without confor-
mal coating. There was no clear change during testing.  
 
In these two cases it can be seen that the PTHs were not destroyed either in uncoated or 
conformal coated cases. The only effect that the conformal coating has is that the sur-
face resistances are a little lower than with the uncoated cases.  
 
 
Figure 37. The resistance changes of plated through hole test patterns with conformal 
coating. No clear change could be achieved during testing 
6.2.1 Quad flat packages  
Quad flat package (QFP) components were chosen in the test to the effect of the high 
package density to corrosion based short circuit failures. As can be seen from figure 38, 
the uncoated QFPs lose approximately 10 % of their original insulation resistances but 
do not go into a short circuit. 
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Figure 38. Resistance changes of uncoated quad flat packages. During 28 days test time 
uncoated QFPs lost almost 10 % of their resitance but they did go into a short circuit. 
Conformal coated QF-patterns did not show resistance change during testing.  
 
In the case of conformal coated QFPs the surface resistances did not decrease into a 
measurable range.  
 
6.2.2 Serial and parallel resistors 
The resistances of serial resistor with or without conformal coating did not show clear 
change during the four weeks test period. However, in the case of parallel resistors, un-
coated samples showed small but not remarkable decline (change less than 1 %) while 
conformal coated samples did not react at all.  Resistances for serial resistors are pre-
sented in figures 39 and 40 and parallel resistor in figures 41 and 42.  
 
 
Figure 39. Resistance changes of uncoated serial resistors. No clear resitance change 
could not be achieved during testing. 
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Figure 40. Resistances of conformal coated serial resistors.  
These resistances did not change during testing. 
 
The resistances of serial resistors are less than 1 Ω, which is due to small resistors used 
in these test patterns. In test patterns of serial and parallel resistors the surface resistanc-
es of conformal coated cases are slightly smaller than with uncoated patterns.   
 
 
 
Figure 41. Resistance curves of uncoated parallel resistors. Only small change (< 1 %) 
can be seen in these curves.  
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Figure 42. Resistances of conformal coated parallel resistors. No clear change was 
achieved during testing. 
6.2.3 Other reference samples 
Connectors, plastic liquid-crystal displays (LCD) control panels and PCB plates were 
tested alongside with sensor and reference component PCB in the corrosion test. They 
were not connected to data loggers and their corrosion monitoring was carried out by 
literal inquiry, because these samples were collected by different branches of ABB. Be-
cause this corrosion monitoring was done mostly by visual inspection and only part of 
connectors was tested electronically, functionality results from these samples were defi-
cient. These results are given in table 17. In conductors, base material was usually brass 
coated with copper as an under coating followed by electroless nickel immersion gold 
nickel–gold plating (ENIG). In this plating type nickel layer is coated with a thin gold 
layer. Other material choice for contactors was flash golding or pure nickel. ENIG and 
hot air solder levelled (HASL) are both used for soldered parts. Plastic part survived 
well and LCD displays functioned without problems after test. Gold and organic solder 
ability prevervated copper survived worst and silver and nickel best. It seemed, that 
thick silver and hard nickel plating could prevent humidity and corrosive gases to pene-
trate through the passive layers, while soft gold plating were more prone to corrosion.  
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Table 17. Reference samples plating materials, corrosivity and functionality.  
Material/plating Plating thick-
ness 
Corrosivity Functionality 
Immersion nickel 1–10 µm slight n/a 
Immersion silver 30–50 µm slight ok 
Flash gold 0.6–0.8 µm bad n/a 
Nickel–gold plating 
(ENIG) 
1–10 µm nickel 
followed by 0.3 
– 30 µm gold 
layer bad Small problems 
Organic solder ability 
preservative coated 
copper  
n/a 
bad destroyed 
Soldered parts (HASL) 
n/a 
ok ok 
 
6.3 Test corrosiveness on copper 
SEM-pictures, Energy-dispersive X-ray spectroscopy (EDS) and copper coupon corro-
sion results are presented here. EDS is a tool commonly attached to a SEM microscope. 
This method utilizes x-ray beams which excite its own x-ray radiation. This excited ra-
diation vary according its source materials and it can be used for elemental analysis or 
chemical characterization of a sample 
 
Two samples used for SEM-imaging and EDS analysis are presented in figure 43. The 
cross-section area is presented with red lines. The thinner part was used for SEM-
picture and the larger pieces were used for EDS analysis.   
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Figure 43. Corrosiometer samples for SEM-analysis. The corrosiometer in the left is a 
gas-tested bare copper sensor and the right one is an untested bare copper sensor. The 
cross-section area is presented with red lines and larger sample part was used for 
SEM-imaging and the smaller one for EDS-analysis.   
 
The sample in the left is the gas-tested sample and the right one is the un-tested-
reference sample. According to EDS-analysis the black area is copper oxide and the 
white area is mixture of copper chloride and copper sulphide with copper oxide under-
neath.  
 
 
 
Figure 44. An EDS-analysis example from the gas-tested sample. The analysis graph 
shows excitation radiation energy vs. the depth from the surface of the material. Ac-
cording this analysis there is a notable source of C on top the sample (red line) which is 
probably caused by FR-4 base material, which contains hydrocarbons. Purple line pre-
sents for Cu. On top of the sample there is layer which contains S (green line) and Cl
-
 
(blue line) which form a mixed compound with copper. Beneath this mixed layer there is 
CuO (yellow line for oxide).  
 
Figures 45 and 46 give the dimensions from the cross section of a copper trace. In figure 
45 the double surface layer is clearly visible. Based on these SEM pictures, following 
can be said. The depletion of the copper layer was approximately 5µm, which is more 
than the expected 1.4 µm. However, as can be seen from figures 45 and 47, a majority 
of copper trace has not corroded, which means that a great deal of the sensor`s use life is 
still un-used.  Thickness of the corrosion product layer was approximately 10 µm. This 
corrosion product layer is brittle and fragmented. 
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Figure 45. A SEM picture from the gas tested sample with dimensions. On top there is a 
scaling and brittle copper-sulphur-chlorine mixed layer whose thickness is approxi-
mately 5 µm followed by copper-oxide layer with same thickness. Beneath these layers 
denser unreacted copper can be found.  
 
 
Figure 46. A  SEM picture from the reference sample with dimensions. 
 
Samples were also imaged with an optical microscope. In figure 47 two optical micro-
scope pictures are presented together. The red area is un-corroded copper and the grey 
area corroded copper.  
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Figure 47. Optical microscope figures from the copper traces on the samples. Red areas 
are unreacted copper and black areas are copper-oxide. 
 
In a table 18, the theoretical conductor resistance and its change, due to 5 µm corrosion 
depth of copper, are calculated between the tested and untested sample in temperatures 
20 and 30 °C. 
Table 18. Resistances in gas-tested and untested reference sample in temperatures 20 
and 30 °C. 
Sample Length 
(m) 
Thickness 
 (µm) 
Width 
(µm) 
Area 
(mm
2
) 
ρCu in 20 and 
30 °C 
(Ω*m) 
RC in 20 
°C 
(Ω) 
RC in 
30 °C 
(Ω) 
Reference 0.48 45 85 3.8*10
-8
 1.7*10
-8
 2.1 2.2 
Gas-tested 0.48 40 75 3.6*10
-8
 1.8*10
-8
 2.7 2.8 
     ∆RC 0.6 0.6 
 
6.4  Summary of results and comparison with Vahter`s results  
Jukka Vahter did corrosion testing with PCB by utilizing 85°C/85% method.  Typical 
surface resistances at beginning of the test were 100–200 MΩ and after 500 h in 
85°C/85% test the surface resistances were 300–3000 MΩ .His test pattern made by 
copper traces was given in figure 17, page 36.  Vahter`s result graphs are given in ap-
pendix C.  
 
Vahter`s average surface resistances for bare copper and solder resist coated traces are 
given in figure C1. Used copper trace widths and spacings were 0.5 and 0.25 mm, 0.5 
and 0.5 mm and 0.25 and 0.1 mm and 0.1 and 0.1 mm, which were the closest option 
the sensor proposed and tested in this Master’s Thesis.  In Vahter`s test set-up the re-
sistance rises from 200 MΩ to over 3000 MΩ. This is the opposite behavior to the bare 
copper insulator resistance curves given in figure 34, where the resistances were beyond 
measurable range at first and then lowers into 100–1000 MΩ. It is difficult to say how 
much of this behavior is due to the fact that behavior of the insulator resistance at the 
beginning of test is unknown due to improper measurement range and how much is the 
result of different measurement techniques and sample construction and.  
 
For better understanding also all the curves for 0.1 mm spacing and trace widths are 
presented in figure C2. It can be seen that the surface resistances for bare copper traces 
are much higher than with older resist coated cases. Again the data from insulation re-
sistance is fragmented, as the resistance values exceed the scale, and these data curves 
are typically higher than the bare copper insulation resistances.  
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Zhan, Azarian and Pecht (2006) examined how high temperature and humidity affects 
to the surface insulation resistance in IPC-B-25 test coupons. These boards each 
consisted of three comb structures, with to 0.16, 0.32, and 0.64 mm (marked as In order 
to investigate leakage current and dendritic growth between solder joints, the comb 
structures were coated with a eutectic (63 Sn/37 Pb) solder. 
 
They used two different test set-ups (with 168 hours test time for each test) which were 
 
 85 °C/85 % RH and 
 40 °C/90 % RH. 
 
According to their results, the starting value for all test coupons were 2*10
12
 Ω. After  
85 °C/85 % RH testing all surface insulation resistance values were 10
9–1010 Ω with no 
values below 2*10
9
 Ω, so no short-cuts occured. They suspected that the high 
temperature allows the plating material to dissolve and to form a well conductive 
electrolyte together with condensated water. In the latter test set-up, lower resistance 
value were achieved and their values are given in figure C3, which can be found from 
appendix C.  
 
As Zhan, Azarian and Pecht (2006) noted, only comb structures with 0.32 mm spacing 
failed instead of smallest 0.16 spacing which would have been more likely to happen.  
Failure analysis of the PCB surface showed that only 0.32 mm comb structure had 
organic fiber contamination. These fibers were born prior to conformal coating either 
during or after application of the flux. Because a goal for Zhan, Azarian and Pecht 
research was to inspect flux residues, no cleaning was carried out before conformal 
coating  in order to avoid removing any residues.  
 
 
 
   
  63 
 
7 Conclusions 
The proposed corrosiometer is applicable for corrosion monitoring. It can be seen that 
the bare copper test pattern reacts linearly during four weeks tests time. From the SEM 
pictures it can deducted that the Telcordia outdoor corrosion test took just a fraction of 
the sensors life-time. For linear signal a reference pattern must be used which can be 
either pattern coated with solder resist, immersion tin or conformal coating.  
 
Mixed flow corrosion tests are good for corrosion monitoring from low to moderate 
corrosion atmospheres (C1–C4 in ISO 9223 categorization) and for extreme environ-
ments such as seashore and seawater salt spray tests combined with gas tests are more 
applicable. However, in these harsh test set-ups, PCBA must be tested with proper en-
capsulation because bare PCBAs will be destroyed in a manner which does not simulate 
accurately field environments.  
 
This Master’s Thesis gives a model for a corrosiometer which can be manufactured by 
using same materials and processes as the PCBs and therefore it is as good as any PCB 
it monitors. The equipment for corrosiometer signal measurement and processing was 
left out from this Master’s Thesis. Also field tests are needed if this sensor is going to 
be used to monitor drives in different environments.  
 
For future research, it would be beneficial to compare the sensor presented in this Mas-
ter’s Thesis with field tests, perhaps as a member of a larger conditions monitoring sys-
tem. This monitoring system could include humidity and temperature sensor, which 
would give relevant information of how temperature and humidity changes affect the 
corrosiometer`s resistance. It would important if the data collected by this condition 
monitoring system is needed in life cycle estimations. It would also be beneficial to 
monitor mechanical shaking or shocks with accelometer or gyroscope because failures 
are usually caused by both mechanical and chemical over-load.  
 
If these sensors are going to be used to use in very corrosive environments, such as sea-
side or marine condition, encapsulated corrosiometers should first be tested with  85 
°C/85 % RH or  40 °C/90 % RH, salt sprays or flowing mixed gas tests combined salt 
sprays (for example ISO 21207).   
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Appendix A.  Corrosion rates and corrosion studies in tropical environ-
ments 
To calculate corrosion rate of copper in field conditions, following results were found 
from literature. 
 
Southwell, Hummer and Alexander 1966 presented corrosivity results of a 16 year field 
test in tropical atmosphere and marine coastal zone. Their test materials were copper 
and copper alloys. Although report is almost 50 year old, it is a valuable because it in-
volves corrosion study in the field without using acceleration tests. According to them, 
corrosion rates can be calculated by formula 9. Their results are presented in figure A1, 
which gives corrosion for copper and copper alloys for coastal and inland atmos-
phere.  
 
 
Figure A.1. Corrosion rates of different copper alloys in marine and inland atmos-
pheres (Southwell, Hummer and Alexander 1966) 
 
From these graphs it can be seen that the annual copper corrosion rate for coastal and 
inland areas were approximately 2 and 1.5 g/dm
2
. These can be changed into annual 
copper deposition rates by diving this corrosion rate with copper density (as in formula 
9), which is 8960 kg/m^3  and test time (16 years). 
 
By this calculation coastal copper depositon rate is 
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For inland copper deposition rate is 
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Veleva and Maldonado (1998) have inspected corrosion rates in field tests in Mexico in 
two annual test periods in 1994 and 1995. Their test places had annual average relative 
humidity of 75–80 % and temperature near 30 °C. According to their results the 
corrosivity of all test places were C4–C5 and corrosion rate varied between 32–150 
g/m
2
. Again, by dividing these values with copper density, annual copper corrosion 
could be calculated and they varied between 3.6–17 µm/a. 
 
Table A.1. Contamination and corrosivity classes according to ISO 9223 and copper 
corrosion rates (Veleva and Maldonado 1998). 
Test 
place 
Cl- 
contamination 
class 
ISO 9223 
SO2 
Contamination 
class 
ISO 9223 
Corrosion 
class  
ISO 9223 
Annul 
Copper 
corrosion 
rate  
(g/m2) 
Annul 
Copper 
corrosion 
rate  
(µm/a) 
Merida S1 P0 C4 32 3.6 
Majahual S3 P0 C5 93 10 
Puerto 
Morelos 
S2–S3 P0 C5 100 11 
Progreso S3 P1 > C5 150 17 
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Appendix B. Sample numbers 
 
In table B.1 sample numbers, material combinations, and knowledge whether they 
measure conductor resistance (RC) or insulation resitance (RI) are given.  
 
Table 1.B. Sample numbers 
Sensor patterns 
Bare copper 
(RC) 
Bare copper  
(RI) 
Solder resist  
(RC) 
Solder resist  
(RI) 
Sample 1 Sample 5 Sample 9 Sample 13 
Sample 2 Sample 6 Sample 10 Sample 14 
Sample 3 Sample 7 Sample 11 Sample 15 
Sample 4 Sample 8 Sample 12 Sample 16 
Immersion tin 
(RC) 
Immersion tin 
 (RI) 
Conformal coating 
(RC) 
Conformal coating 
(RI) 
Sample 17 Sample 21 Sample 25 Sample 29 
Sample 18 Sample 22 Sample 26 Sample 30 
Sample 19 Sample 23 Sample 27 Sample 31 
Sample 20 Sample 24 Sample 28 Sample 32 
Component patterns 
Uncoated  
PTHs 
Conformal Coated 
PTHs 
Uncoated  
QFPs 
Conformal Coated 
QFPs 
Sample 33 Sample 37 Sample 41 Sample 45 
Sample 34 Sample 38 Sample 42 Sample 46 
Sample 35 Sample 39 Sample 43 Sample 47 
Sample 36 Sample 40 Sample 44 Sample 48 
Uncoated  
PTHs 
Conformal Coated 
PTHs 
Uncoated  
QFPs 
Conformal Coated 
QFPs 
Sample 49 Sample 53 Sample 57 Sample 61 
Sample 50 Sample 54 Sample 58 Sample 62 
Sample 51 Sample 55 Sample 59 Sample 63 
Sample 52 Sample 56 Sample 60 Sample 64 
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Appendix C. Reference result graphs for chapter 6.4 
 
Figure C1 and C2 are Surface resistance changes presented in Vahter Master`s Thesis. 
Vahter used 85 °C/85 % RH test for this research. Figure C1 gives average surface insu-
lation resistance with bare copper and with solder resist coated copper traces. The used 
sensor pattern is given in figure 18. Used copper trace widths and spacings were 0.5 and 
0.25 mm, 0.1 and 0.1 mm, 0.5 and 0.5 mm and 0.25 and 0.1 mm.  
 
 
 
Figure C1. Average surface resistances for bare copper traces vs. traces coated with 
solder resist which were tested by sensor structure given in figure 18. Used copper 
trace widths and spacings were 0.5 and 0.25 mm, 0.5 and 0.5 mm and 0.1 and 0.1 mm. 
 
Figure C2 gives surface resistances for copper traces with 0.1 mm spacing and trace 
widths. 
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Figure C2. Surface resistances for copper traces with 0.1 mm spacing and trace widths 
(Vahter 1999, P. 75). 
 
Zhan, Azarian and Pecht (2006) measured Surface Insulation resistance with 40 °C/90 
% RH. Their results are given in figure C3. 
 
 
Figure C3. Surface resistance values for 40 °C/90 % RH test set-up values.  
 
 
